Abstract Purpose: With a widening arsenal of cancer therapies available, it is important to develop therapy-specific predictive markers and methods to rapidly assess treatment efficacy. We here evaluated the use of cytokeratin-18 (CK18) as a serum biomarker for monitoring chemotherapy-induced cell death in breast cancer. Experimental Design: Different molecular forms of CK18 (caspase cleaved and total) were assessed by specific ELISA assays. Drug-induced release of CK18 was examined from breast carcinoma cells and tissue. CK18 protein composition was examined in serum. CK18 levels were determined in serum from 61 breast cancer patients during docetaxel or cyclophosphamide/ epirubicin/5-fluorouracil (CEF) therapy. Results: Caspase-cleaved CK18 molecules were released from monolayer cultures and tumor organ cultures to the extracellular compartment. CK18 was present in complexes with other cytokeratins in serum. Such CK18 protein complexes are remarkably stable, leading to favorable performance of CK18 biomarker assays for clinical investigations. Docetaxel induced increased levels of caspase-cleaved CK18 in serum from breast cancer patients, indicating apoptosis. CEF therapy led to increases predominantly in uncleaved CK18, indicating induction of necrotic cell death in many tumors. The increase in total CK18 at 24 h of the first treatment cycle correlated to the clinical response to CEF therapy (P < 0.0001).
Chemotherapy induces multiple effects on tumor cells, including apoptosis, necrosis, autophagy, mitotic catastrophe, and senescence (1) . The cellular outcome is dependent on several factors, including the type of drug used, the concentration of drug that will reach the tumor cells, and the properties of the tumor and its microenvironment. Apoptosis is a commonly described cellular outcome of treatment with many anticancer drugs (2, 3) , and defects in the apoptotic machinery are believed to contribute to therapy resistance (4, 5) . However, whether apoptosis is the primary antiproliferative mechanism of anticancer drugs in solid tumors is controversial (6) . Other cell death modes than apoptosis are also possible. DNAdamaging agents have been reported to induce a necrotic response, due to hyperactivation of poly(ADP)ribose polymerase and depletion of cytosolic NAD (7) . Photodynamic therapy has also been reported to induce necrosis (8) . Various agents may also induce improper segregation of chromosomes during mitosis, leading to mitotic catastrophe (1, 9) . Mitotic catastrophe is not a form of cell death per se, but rather a trigger for cell death by various mechanisms (9) . Different classes of chemotherapeutic agents and ionizing radiation induce longterm growth arrest reminiscent of replicative senescence (10) . An understanding of the mechanisms underlying these different outcomes is important to understand the antiproliferative activity of anticancer drugs and for understanding resistance to therapy.
Determining the mode of cell death is not trivial for cultured cells and is very difficult in tumor tissue. We have developed a method based on measurements of different molecular forms of CK18 that can be used to investigate cell death modes of epithelially derived cells in vitro and in vivo (11) . This method is based on the measurement of different molecular forms of cytokeratin 18 (CK18) released from dead cells, whereas apoptosis will result in the release of caspase-cleaved CK18 fragments; necrosis will result in release of uncleaved CK18 (11) . These forms can be conveniently distinguished by the use of the monoclonal antibody M30, which recognizes a neoepitope of CK18 generated during apoptosis (12) . CK18 is therefore potentially both a quantitative and qualitative biomarker for cell death in vivo. Previous investigations have provided evidence that serum CK18 is derived from tumor cells (11, 13) and have been encouraging with regard to the usefulness of serum CK18 as a clinically useful biomarker (13 -16) . However, a number of issues with regard to the release of CK18 from cells into serum and the clinical utility of CK18 as a response marker remain to be answered. In this study, we examined treatment responses of breast carcinoma to paclitaxel and anthracycline-based therapy in vitro and in vivo. We provide evidence that increases of serum CK18 during cyclophosphamide/epirubicin/5-fluorouracil (CEF) therapy are associated with clinical responses to CEF therapy. Furthermore, we found that CEF therapy induces a heterogeneous response in vivo with regard to cell death mode.
Materials and Methods
Cell culture. MDA-MB-231 breast carcinoma cells were maintained in DMEM supplemented with 10% FCS, L-glutamate, penicillin, and streptomycin at 37jC in 5% CO 2 . Tissue culture reagents were obtained from Life Technologies Cell Culture Products. Cells were treated with doxorubicin (Sigma Chemical Company), staurosporine (Sigma), or paclitaxel (Calbiochem) as indicated.
Tissue slice preparation and culture. Primary breast tumors >3 cm were obtained from patients at the Robert Bosch Hospital, Stuttgart, immediately after surgical resection and maintained in organ transportation medium (Euro-Collins) on ice until use. Tissue cores (5 mm in diameter) were prepared using a hand-held coring tool. From the cylinders, tissue slices with a thickness of 200 Am were prepared in cold PBS using a precision cutting tissue slicer (Krumdieck, Alabama Research and Development Corp.). Slices were then individually submerged in supplemented mammary epithelial growth medium as described (17) . Incubation was done in 24-well plates at 37jC in a constant atmosphere of 5% CO 2 on a shaking platform. Treatment with drugs started after a recovery period of 24 h and was done for additional 72 h as described (17) . In preliminary experiments, done in a panel of breast cancer samples, we found a higher mitochondrial tetramethylrhodamine methyl ester accumulation in the tumor cell compartment after a recovery period of 24 h. (12, 17) .The M65-ELISA assay will detect all CK18 fragments that contain epitopes in the 300 to 390 amino acid regionof the protein (11) .
ELISA assays. Caspase-cleaved cytokeratin-18 (CK18-Asp 396 ) was determined by the M30-Apoptosense ELISA (ref. 18 ; PEVIVA AB). The M65-ELISA assay (PEVIVA AB) was used to measure total soluble CK18. ELISA tests for measuring cytokeratin complexes were done by coating different capture antibodies on 96-well Nunc Immuno Module plates overnight at 4jC in PBS at various concentrations. The capture antibodies used for the mixed ELISA assays were purchased from the following commercial sources: monoclonal antibodies for human CK7 (clone 4A39) and CK8 (clone 4A42) from US Biological, and monoclonal antibody for human CK19 (clone 17) from Abcam. The plates were washed thrice with PBST (PBS + 0.1% Tween 20) before incubation with human serum samples for 2 h at room temperature. Horseradish peroxidase -conjugated monoclonal antibody M30 or M5 from the M30 and M65 ELISA kits were used as detection antibody. 3,3 ¶,5,5 ¶-Tetramethyl-benzidine was used as the substrate. The intensity of the signal was determined by measuring the absorbance at 450 nm using the SpectroMax M5 microplate reader (Molecular Device).
Gel filtration. Serum from patients with breast cancer was fractionated on a Superose G200 column in PBS/10% horse serum. Similarly, medium from apoptotic MDA-MB-231 cells was collected and subjected to gel filtration. Fractions were collected and assayed for caspase-cleaved CK18 and CK18 by ELISA.
Patients. Sera were collected from 61 patients with primary breast cancer treated with chemotherapy (preoperative neoadjuvant chemotherapy for 43 patients and postoperative adjuvant chemotherapy for 18 patients) at the Tokyo Metropolitan Komagome Hospital from 1997 to 2003. The characteristics of the patients are shown in Table 1 . Tumor sizes were determined by palpation. Patients were treated with CEF (600 mg, 60 mg, and 600 mg/m 2 , respectively; average 3.8 cycles). Cyclophosphamide and 5-fluorouracil were given as 45 to 60 min infusions and epirubicin as a bolus injection. The chemotherapy was administered every 3rd week. Sera from cancer patients were collected before each cycle and at various times after each cycle of treatment. Patients with liver and renal dysfunction and other complications were excluded. For all patients, liver, lung, and distant lymph node metastases were diagnosed using computed tomographic scan, and bone metastases were diagnosed using X-ray or bone scintigraphy. For patients with stage II or more, brain metastasis was examined using computed tomographic scan. Of the 43 patients who received neoadjuvant chemotherapy, three patients had bone metastasis and none had other distant metastases. In 18 patients who received adjuvant chemotherapy, major metastatic sites were lung for seven patients, bone for three, liver for three, pleura for one, and lymph node for four. Clinical responses to treatments were evaluated according to the Union Internationale Contre le Cancer criteria. Informed consent was obtained from all patients, and the study was approved by the local institutional review board.
Statistical analysis. Patients' data are presented as median (25th-75th percentile) and graphically displayed by box plots. The MannWhitney U method was used to test for difference between two groups. The Wilcoxon matched pair signed ranks test was used to examine whether the members of pairs differ in size. The survival analysis was done by the log-rank test and the Cox proportional hazards model. All tests were done using a two-sided a level of 0.05. (Fig. 1) . Such caspase-cleaved CK18 fragments are convenient biomarkers for apoptosis of epithelially derived cells (11, 18, 21) . To formally prove that detection of apoptosis by the M30 ELISA requires CK18 expression, we transfected mouse embryo fibroblasts with a CK18 expression plasmid. As expected, paclitaxel stimulated increases in CK18-Asp 396 in transfected, but not in untransfected, mouse embryo fibroblast ( Fig. 2A) . Induction of activity in the assay was blocked by a caspase inhibitor (data not shown; ref. 11).
CK18 is a constituent of the insoluble cytoskeleton and only a minor fraction is soluble (20) . To examine whether most caspase cleavage events will generate soluble CK18 fragments, the fraction of CK18-Asp 396 epitopes was determined in the insoluble and soluble fractions after induction of apoptosis in a human breast carcinoma cell line. We found that >90% of the CK18-Asp 396 epitopes were present in the soluble fraction (Fig. 2B) .
To further study the release of CK18 from tumor cells exposed to cytotoxic agents, we examined organ cultures of MDA-MB-231 breast tumors from severe combined immunodeficient mice. Tumor tissue slices were cultivated in the presence or absence of a taxane (paclitaxel) or an anthracycline (doxorubicin) for 3 days (17) . Release of CK18-Asp 396 fragments to the culture medium was observed from untreated organ cultures, suggesting spontaneous apoptosis (Fig. 2C) . Approximately 2-fold higher levels of CK18-Asp 396 were observed in doxorubicin-treated cultures at 72 h, whereas paclitaxel induced weaker increases (Fig. 2C) . Similar patterns of release were observed when total CK18 was measured (using the M65-ELISA).
The release of CK18-Asp 396 fragments from organ cultures of different clinical cases of breast carcinoma treated with paclitaxel or doxorubicin was examined (Fig. 2D) . The median level of CK18-Asp 396 was 2,056 units/L after 72 h of doxorubicin treatment, compared with 203 units/L in untreated control (P < 0.05, Wilcoxon two-sample test), demonstrating that doxorubicin induced apoptosis in the organ cultures. The median level of CK18-Asp 396 in paclitaxel-treated cultures was Fig. 3 . CK18 complexes released from cells into circulation. A, Superose G200 gel filtration of tissue culture medium from apoptotic cells or patient serum (top) CK18-Asp 396 is present in the 10 to 20 kDa and 50 to 100 kDa range in tissue culture medium from apoptotic MDA-MB-231cells; CK18-Asp 396 (middle) and CK18 (bottom) is present in the 50 to 100 kDa range in serum from a human breast cancer patient. B (top), plasma levels of the CK18 (284-396) fragment after injection into mice. The fragment was synthesized in Escherichia coli and injected i.v. into mice. Bottom, plasma was collected after different times and assayed for CK18 (using the M65-ELISA assay):The CK18 (284-396) fragment was incubated in mouse plasma at 37jC for the indicated times, and CK18 levels were examined using the M65-ELISA assay. C, CK18 is present in complexes with other cytokeratins in serum. Patient serum was analyzed by ELISA using plates coated with increasing amounts (in Ag) of CK 8 (top), CK7 (middle), and CK19 (bottom) antibodies. Horseradish peroxidase^conjugated M30 or M5 antibodies were used to show CK18-Asp 396 or CK18 in the complexes. Caspase-cleaved CK18 molecules are present as protein complexes in serum. The molecular composition of soluble proteins containing the M30 epitope was examined. Fractionation of medium from apoptotic cells on Superose G200 revealed one peak in the 10 to 20 kDa region and another in a higher molecular weight region (Fig. 3A, top) . This pattern was distinct from that observed in sera of cancer patients where the M30 epitope was only found in the 50 to 100 kDa region (Fig. 3A, middle) . Total CK18 (detected by the M65-ELISA) was found in the same fractions as CK18-Asp 396 (Fig. 3A, bottom) . A 13-kDa CK18 form (CK18 residues 284-396) has been described in culture medium from apoptotic cells (22) , consistent with the present findings. Injection of a recombinant 13 kDa fragment i.v. in mice showed a half-life of f30 min (Fig. 3B, top) . In contrast, incubation of the 13-kDa fragment in mouse plasma at 37jC in vitro showed a half-life of f48 h (Fig. 3B, bottom) . CK18 is a 45-kDa protein and the higher molecular weight material in serum were assumed to represent protein complexes. Using the same type of monoclonal CK18 antibodies both on solid phase and for detection in ELISA assays (M5-M5 or M30-M30), signals were detected using serum samples but not using recombinant CK18 (data not shown), consistent with CK18-CK18 complexes in serum. Signals were also observed in sera using mixed ELISA assays based on antibodies to different cytokeratin types (Fig. 3C) . The results show that CK18 (and the CK18-Asp 396 epitope) can be detected in complexes with CK7, CK8, and CK19 in serum, whereas CK18-CK14 complexes were not detected (not shown). A recombinant CK8 protein was tested in the CK8-CK18 ELISA but did not generate a signal (not shown). These findings suggest that small caspasecleaved CK18 fragments are rapidly cleared from the circulation and that caspase-cleaved CK18 molecules are present as protein complexes in serum.
Caspase activity has been detected in circulation in patients with malignancies (23) . A concern in the analysis of caspasecleaved fragment in blood as a measure of cellular apoptosis is that cleavage of CK18 might occur in circulation. We addressed this issue using CK18-positive serum samples. Incubation with 1,000 units/mL recombinant caspase-3 for 4 h did not increase the levels of fragments containing the CK18-Asp 396 epitope (data not shown). Control experiments showed that caspase-3 was active in serum under these conditions (data not shown).
Performance of CK18 assays. The clinical utility of the M30 and M65 ELISAs was investigated and qualified according to available bioassay validation guidelines established by a pharmaceutical industry consortium (24, 25) . In brief, ELISA sensitivity, precision, specificity, assay range, reagent stability, sample stability, and variations from multiple blood draws of the same donor were investigated and determined. For example, assay precision profiles for the M30 and M65 ELISA NOTE: Data were generated over a 8-mo period from two manufacturer's lots using various normal sera as well as the recombinant CK18 standard included in each assay kit. NOTE: Serums samples for this study were generated by thawing at room temperature and refreezing for 24 h at -70jC for each cycle. Controls were the same samples taken directly from -70jC without any freeze-thaws.
assays are shown in Table 2 . Both assays were run repeatedly using normal human serum controls of variable basal levels of intact and caspase-cleaved CK18 over a period of 8 months.
The assay variability (CV%) ranged from 7% to 18% from two manufacturer's lots. Stability of native caspase-cleaved and intact CK18 proteins were also tested under repeated freezethaw conditions. Both forms of CK18 proteins were stable through six freeze-thaw cycles (Table 3) . These data show an adequate performance of the assays for clinical studies. Because of the difference between the recombinant CK18 control (amino acids 284-396) and naturally existing serum CK18 analytes discussed above, the quantitation of CK18 should ideally be measured in absorbance instead of the unit based on the standard curve. In the following, CK18 unit is used to describe clinical data as nominal value to be consistent with conventional ELISA assay format so that the ELISA data here are comparable with data from other publications. Serum CK18 levels during cancer treatment. The levels of total and cleaved CK18 were determined in blood during treatment of 61 patients with breast cancer (patient characteristics, see Table 1 ). The patients received either anthracyclinebased therapy (CEF) or the semisynthetic taxane docetaxel. Blood samples were collected before each cycle of treatment and at 1 and 3 days after treatment. Examples of data from patients are shown in Fig. 4A . The levels of serum CK18-Asp 396 and total CK18 increased between 24 and 72 h after initiation of treatment with docetaxel ( Fig. 4B and C; Table 4 ). CK18-Asp 396 levels at 72 h showed a larger spread than the values at 0 and 24 h showing a heterogeneous response between patients. CEF therapy induced more rapid increases in serum CK18-Asp 396 and total CK18 levels compared with docetaxel. The median levels of total CK18 had increased with 114 units/L (32.7%) at 1 day, whereas CK18-Asp 396 only increased with 13 units/L (12.9%).
The predominant increases in uncleaved CK18 during CEF therapy indicates a substantial component of caspaseindependent cell death in some tumors. As shown in Fig. 4D , a heterogeneous response was observed with regard to the ratio of CK18-Asp 396 to total CK18 in different patients; some A, increases of CK18 (blue points ; M65-ELISA) and CK18-Asp 396 (green points ; M30-ELISA) during CEF therapy of two breast cancer patients. The patients were followed for five or four cycles and showed stable disease (NC, no change) or partial response (PR). Note that patients received treatment every 3rd week (each cycle was 21d in total). Samples were run in duplicates. B, median (25th-75th percentile) levels of CK18 during CEF or docetaxel therapy. Pretherapy levels and levels at days 1and 3 are shown. Levels of statistical significance <0.01 (Wilcoxon two-sample test). C, median (25th-75th percentile) levels of CK18-Asp 396 during CEF or docetaxel therapy at days 0, 1, and 3 (the same samples were used as in B). Levels of statistical significance <0.01. D, increases of levels of CK18 and CK18-Asp 396 levels in individual patient sera from pretreatment to day 1; for each tumor, CK18 (blue columns) and CK18-Asp 396 values (red columns) are shown pairwise. Occasional patients showed decreases in the cytokeratin levels between day 0 and day 1; these decreases are shown as 0.
patients showed increases in both markers, whereas others only showed increases in total CK18. This result suggests that CEF therapy induces different death modes in different tumors.
Increases in CK18 are associated with clinical response. We examined the association between clinical response and serum CK18 increases in 43 patients receiving neoadjuvant CEF therapy. Patients normally leave the hospital after drug infusion-leading to difficulties to collect blood samplesbut a limited number of paired samples is sufficient to achieve high statistical power using matched-pair statistics. Patients with partial clinical response showed significant increases in total CK18 at day 1 after treatment (P < 0.0001, Wilcoxon matched pair test; Fig. 5A ). In contrast, nonresponding patients did not show significant changes in total CK18 levels (P = 0.19; Fig. 5A ). Similar results were obtained using matched pair t test.
Patients who received neoadjuvant therapy were stratified according to the ratios of posttreatment to pretreatment values of CK18 and overall survival plots were constructed (Fig. 5B) . A cutoff value of 18% increase in CK18 gave the best prognostic significance for survival (P = 0.035 by the log-rank test). The Cox proportional hazards model gave a hazard ratio of 7.28 (95% confidence interval, 0.84-62.9).
Discussion
Previous studies have shown that different anticancer agents induce increases in the levels of caspase-cleaved and total serum CK18 in prostate cancer patients and that serum CK18 is derived from tumor cells (11, 13) . These results were promising with regard to the use of serum CK18 as a pharmacodynamic biomarker for tumor cell death. Previous studies have not established whether increases in serum CK18 occurring during treatment are associated with clinical responses because response monitoring is inaccurate in patients with hormone refractory prostate cancer (26) . We here studied breast cancer patients receiving neoadjuvant treatment for local disease and from which accurate clinical data were available. The results show that increases in serum CK18 levels are associated with clinical response to CEF therapy. Interestingly, CK18 increases were not exclusively observed in patients showing clinical response but also in some patients showing stable disease during treatment (Fig. 4A) , suggesting that serum CK18 is a sensitive response biomarker. In patients with stable disease, therapy-induced cell death may be balanced by tumor cell regrowth between treatment cycles (27) . Both the sensitivity of the assays and the favorable performance characteristics in terms of antigen stability during storage (14) and during freeze-thawing (Table 3) suggest that CK18 biomarkers will be useful for monitoring treatment effects.
Apoptosis has received considerable attention as a major cellular outcome of chemotherapy, including DNA-damaging agents (2) . Recent studies have implied that necrosis may also be a possible consequence of treatment (28) . Doxorubicin has been shown to induce both apoptosis (29) and necrosis in vitro (30, 31) . Our studies of tumor organ cultures from seven clinical cases of breast carcinoma showed induction of caspasecleaved CK18 by doxorubicin in all seven cultures, showing apoptosis. Apoptotic responses were also observed using CEF therapy (cyclophosphamide is converted by the liver into active metabolites; acrolein was used for these studies). 6 In contrast, the in vivo CK18 response to CEF therapy was heterogeneous, characterized by increases in caspase-cleaved CK18 in the serum of some, but not all, patients with increases in CK18. This heterogeneous response could be due to defects in apoptosis signaling in some tumors. Furthermore, differences in factors such as tumor hypoxia, nutrition, or variations in the drug concentrations reached in different tumors may also be determinants of cell death mode. It has been reported that DNA-alkylating agents induce a rapid necrotic response due to activation of poly(ADP)ribose polymerase, leading to poly(ADP)ribose polymerase -mediated depletion of h-NAD + (7). Tumor cells, which are dependent on glycolysis for ATP production, undergo rapid ATP depletion and necrotic death. This response by DNA-damaging agents could be speculated to be more pronounced in hypoxic and poorly nourished tumors. That anthracycline-based therapy may induce a necrotic response is supported by the finding that complete pathologic responses to doxorubicin/docetaxel are associated with the presence of tumor necrosis in tissue sections (32) . Induction of a necrotic response could explain the efficiency of chemotherapy in tumors with defective apoptotic pathways (discussed in ref. 7) , including efficacy in p53-defective breast cancers (33) .
Taxanes induce mitotic catastrophe, characterized by the occurrence of aberrant mitosis followed by cell division. Mitotic catastrophe is not a cell death mode, but will trigger cell death, either by apoptosis or by nonapoptotic mechanisms (1, 34 -36) . The findings in the present and a previous study (13) , demonstrating increases in caspase-cleaved CK18 molecules in serum during docetaxel treatment, shows that this agent induces apoptosis in vivo (Table 4) . It is likely that the efficiency of microtubule-interacting agents does not rely on the presence of an apoptotic machinery in the target cells;
6 Our unpublished data. if the machinery is not present, cells are likely to die from other mechanisms. It should be noted that we have observed patients where docetaxel induces increases predominantly in total serum CK18 (11) . However, there is a quantitative difference in the response to mitotic inhibitors and CEF, whereas mitotic inhibitors induce similar median increases in caspase-cleaved CK18 and total CK18, CEF induces larger increases in total CK18 reflecting a relatively larger proportion of tumors where necrotic cell death occurs.
Our data show that only a minor fraction of caspase-cleaved CK18 will remain in the insoluble, cytoskeletal fraction. Soluble caspase-cleaved CK18 consisted of molecular weight fragments in the 10 to 20 kDa range, which we presume to be monomeric caspase digestion products, and also of higher molecular weight material (50-100 kDa). Only the higher molecular weight material was present in serum from cancer patients, and we suggest that the smaller fragments are being filtered in the kidney glomerulus. The caspase-cleaved CK18 material present in serum reacted with CK7, CK8, or CK19 antibodies, showing that they at least partly are present in complexes. Although the precise nature of these interactions are unknown or if there are any alterations among the cytokeratin complexes under normal or abnormal physiologic conditions, our data showed that the serum CK18 levels from repeated blood draws of healthy donors were fairly stable without any trending (data not shown). The variations from multiple time points in normal donors are consistent with the data reported from cancer patients (15) . The presence of caspase-cleaved CK18 in protein complexes is likely to explain the stability of the cleavage products in the circulation and in blood samples, explaining the excellent performance of serum CK18 with regard to stability and yields after repeated freeze-thaw cycles (refs. 14, 15; Table 3 ). It is likely that many other caspasecleaved fragments released from apoptotic cells will not show a similar stability. The adequate assay performance adds to the advantages of serum CK18 as a biomarker for rapid monitoring of clinical response to cancer therapy.
We conclude that serum CK18 measurements may be useful for assessing treatment effects. The data suggesting that the initial cell death response determined by CK18 biomarkers is an important determinant of treatment outcome. The method is robust and samples can be frozen and stored before analysis, making the method suitable for multicenter clinical trials of novel anticancer drugs. 
